Neuronal death after experimental traumatic brain injury (TBI) has features of both apoptosis and necrosis. Neurons in the peritrauma cortex, hippocampus, and dentate gyrus are particularly vulnerable. The apoptosis-suppressor gene bcl-2 is induced in brain after ischemia and epilepsy-induced injury and may serve to regulate neuronal death. We studied expression of bcl-2 mRNA and protein after experimental TBI in rats. To determine whether bcl-2 protein expression occurred in cells with evidence of apoptosis, triple-labeling studies were performed using (1) antibody against bcl-2, (2) bis-benzimide dye to examine gross nuclear morphology, and (3) terminal deoxynucleotidyl transferase-mediated biotin-dUTP nick-end labeling (TUNEL) to assess for DNA fragmentation. At 6 and 24 hr, bcl-2 mRNA was induced in ipsilateral peritrauma cortex, hippocampus, and dentate gyrus. By 72 hr the increase in bcl-2 mRNA was detected only in cortex. bcl-2 protein was induced at 8, 24, 72, and 168 hr in ipsilateral cortex and hippocampus. Cells expressing bcl-2 protein included neurons in the peritrauma cortex, hippocampus, hilus, and dentate gyrus. The gross nuclear morphology of neurons expressing bcl-2 appeared normal. Furthermore, biochemical evidence of DNA fragmentation, in a pattern characteristic of either apoptosis or necrosis, was seldom seen in neurons expressing bcl-2 protein (bcl-2 colocalized with TUNEL in 0-2% of TUNEL-positive cells observed). These data suggest that bcl-2 may play an important role in the regulation of neuronal death after TBI, and they support a role for bcl-2 as an inducible neuroprotective gene.
Apoptosis, a form of programmed cell death, plays an important role in embryogenesis and in the normal development and maintenance of many adult tissues (Saunders, 1966; Kerr et al., 1972) . Apoptosis is tightly regulated by the expression or activation of several genes and proteins (Stellar, 1995) . The proto-oncogene bcl-2 is one such gene that was first cloned in a b-cell lymphoma line (Vaux et al., 1988) . bcl-2 is a member of a family of related genes encoding proteins that either promote (e.g., bax, bcl-x S ) or suppress (e.g., bcl-2, bcl-x L ) programmed cell death (Hockenbery, 1995) . bcl-2 is expressed in cells that survive fetal development (LeBrun et al., 1993; Novack and Korsmeyer, 1994) , and it inhibits programmed cell death in many in vitro systems (Vaux et al., 1988; Hockenbery et al., 1990; Sentman et al., 1991) . In the nervous system, bcl-2 protects against various stimuli that induce apoptotic neuronal death (Garcia et al., 1992; Allsopp et al., 1993; Batistatou et al., 1993; Kane et al., 1993; Z hong et al., 1993) .
Both apoptotic and necrotic neuronal death occur after experimental traumatic brain injury (TBI). Rink et al. (1995) demonstrated that selectively vulnerable regions with neurons that undergo apoptotic death after fluid-percussion injury include cortex, CA3 hippocampus, and dentate gyrus. We have shown a similar pattern of DNA fragmentation and delayed neuronal death using a model of controlled cortical impact (CCI) with a secondary hypoxemic insult (Clark et al., 1997) . Although the genetic regulation of delayed neuronal death after TBI remains undefined, bcl-2 and related proteins are expressed in models of ischemia and epilepsy in surviving neurons (Shimazaki et al., 1994; Chen et al., 1995; Krajewski et al., 1995; Graham et al., 1996; . Because neuronal death after TBI may share similar, as well as distinct, mechanisms with ischemia and epilepsy-induced injury, we hypothesized that bcl-2 would be expressed after TBI. In this study, we report expression of bcl-2 mRNA and protein in neurons after TBI, using a model that simulates the clinical condition of TBI, secondary insult, and resuscitation (Clark et al., 1997) . To determine whether bcl-2 expression is associated with suppression of neuronal death after TBI, we used multicolor immunocytochemical methods to examine whether neurons expressing bcl-2 protein had gross morphological or biochemical evidence of apoptosis.
MATERIALS AND METHODS

Model of TBI.
All studies were approved by the University of Pittsburgh Animal C are and Use Committee. Virus-free, adult male Sprague Dawley rats (n ϭ 65) had free access to food and water before and after surgery. Anesthesia was induced with 4% isoflurane (Anaquest, Memphis, TN) in O 2 . The trachea was intubated with a 14 gauge angiocatheter, and the lungs were mechanically ventilated with 2.0% isoflurane/ 66% N 2 O/ balance O 2 . A femoral arterial catheter was inserted for continuous monitoring of blood pressure, arterial blood sampling, and administration of pancuronium bromide (0.1 mg ⅐ kg Ϫ1 ⅐ hr Ϫ1 ) (ElkinsSinn, Cherry Hill, NJ). A rectal probe was inserted to monitor core temperature.
TBI was performed using the CCI model (Dixon et al., 1991; Kochanek et al., 1995) . To simulate the clinical setting of TBI, secondary insult, and resuscitation, we used the following previously described protocol (C lark et al., 1997) . Briefly, a craniotomy was made over the left parietal cortex. A temperature probe (Physiotemp, C lifton, NJ) was inserted through a burr hole into the left parietal cortex to monitor brain temperature. Rats were then warmed to a brain temperature of 37 Ϯ 0.5°C and allowed to equilibrate under anesthesia (1.1% isoflurane/66% N 2 O/ balance O 2 ) for 30 min. After removal of the bone flap, injury was produced using the CCI device (Dixon et al., 1991) with minor modification (Kochanek et al., 1995) . For all studies, depth of penetration of 2.5 mm, a velocity of 4.0 Ϯ 0.2 m /sec, and a duration of deformation of 50 msec were used. To produce moderate hypoxemia, air and oxygen were blended to achieve an Fi O 2 of 11% (1.1% isoflurane/74% N 2 O/19% air/6% O 2 ) 1 min after CCI. This produces a Pa O 2 in the rats of 44 Ϯ 1 mm Hg and a 40% reduction in mean arterial blood pressure by 30 min (C lark et al., 1997) . Arterial blood gas tensions were also obtained at 10 and 25 min after trauma. The bone flap was replaced and sealed with dental cement (Koldmount, Vernon Benshoff Co., Albany, N Y), and the scalp incision was closed. Hypoxemia was maintained for a total of 30 min. Anesthesia was discontinued, and rats were resuscitated with 100% oxygen until they awoke. Rats were then extubated and placed in 100% oxygen for an additional 30 min before being returned to their cages.
Study protocol. To study the expression of bcl-2 mRNA, naive rats and rats at 6, 24, and 72 hr after TBI were killed, and brain tissue was analyzed using in situ hybridization (n ϭ 4 per group). Northern blot analysis was performed to confirm the specificity of the oligonucleotide Figure 1 . bcl-2 in situ hybridization. Autoradiograms through the level of anterior hippocampus in a naive rat and rats at 6, 24, and 72 hr after TBI (arrows mark the site of impact). bcl-2 mRNA is increased in the peritrauma cortex and ipsilateral hippocampus after TBI versus naive control. Figure 2 . Relative changes in bcl-2 mRNA in dentate gyrus, CA3 hippocampus, CA1 hippocampus, and cortex in rats at 6, 24, and 72 hr after TBI versus naive controls (n ϭ 4/group). Data are presented as mean Ϯ SEM and represent fold changes in sections from rats after TBI versus naive controls in the ipsilateral (closed circles) and contralateral (open circles) hemispheres. There was a significant difference in bcl-2 mRNA levels in CA1 hippocampus at 24 hr versus control ( p Ͻ 0.05; KruskalWallis and Dunn's test). There was also a difference in bcl-2 mRNA levels in the dentate gyrus ( p Ͻ 0.05; Kruskal-Wallis test), but the time when this difference occurred could not be determined by multiple comparisons.
probe used for in situ hybridization. To study the expression of bcl-2 protein, naive rats and rats at 8, 24, 72, and 168 hr after TBI were killed, and brain tissue was analyzed using Western blot analysis (n ϭ 3-5 per group) and immunocytochemistry (n ϭ 2-4 per group). For Western blot analysis, controls also included rats made hypoxemic but not traumatized. For immunocytochemistry, controls also included sham-operated (24 hr) rats. To determine whether bcl-2 protein expression occurred in cells with gross evidence of apoptosis, triple-labeling studies were performed using (1) antibody against bcl-2, (2) bis-benzimide dye (similar to Hoechst 33258 dye) to examine nuclear morphology, and (3) terminal deoxynucleotidyl transferase-mediated biotin-dUTP nick-end labeling (TUN EL) to assess for DNA fragmentation. To examine the time course of DNA fragmentation, TUN EL alone was performed on separate brain sections from naive rats and in rats at 6, 24, and 72 hr after TBI (n ϭ 4 per group).
In situ hybridization. Rats were anesthetized as described above and decapitated. Brains were quickly removed, rapidly frozen in pentane at Ϫ20°C, and stored at Ϫ80°C. Sections (20 m) were cut on a cryostat, mounted on Probe-On slides (Fisher, Pittsburgh, PA), and processed for in situ hybridization as described previously . Briefly, a 40-mer antisense oligodeoxynucleotide probe complementary to bcl-2 was constructed. The sequence used was 5Ј-CAC TGAATG C TC TCCGGTACCGCAGTTCAAAC TCATCGCC -3Ј. A search of the GenBank database revealed no significant homology with other genes. In addition, we have previously confirmed the specificity of this probe for bcl-2 using Northern blot analysis and the sense control . The oligodeoxynucleotide probes were labeled with ␣-[
35 S]dATP using terminal deoxynucleotidyltransferase (TdT) (Life Technologies, Gaithersburg, MD) and hybridized (1ϫ 10 7 cpm /ml) at 42°C for 18 hr with the slides. After hybridization, the sections were rinsed in 1 ϫ saline-sodium citrate (SSC) (150 mM NaC l, 15 mM sodium citrate, pH 7.4) at 55°C for 60 min with several changes of 1ϫ SSC, rinsed again at room temperature for 60 min, dehydrated, and exposed to Kodak SB-5 film (Eastman Kodak, Rochester, N Y) for 3 weeks. Slides from control and traumatized brain were hybridized together and developed on the same film. Relative changes in mRNA expression were semiquantified in hippocampal CA1 and CA3 regions, dentate gyrus, and ipsilateral cortex by measuring the ratio of the optical density in each region in rats after TBI compared with naive controls using an image analysis system (MCI D, St. C atherines, Ontario, C anada). C ellular localization was evaluated by coating slides with Kodak N TB-2 emulsion. The sections were exposed at 4°C for 5 weeks, developed in D-19, and counterstained with cresyl violet.
Northern blot anal ysis. The specificity of the oligodeoxynucleotide probe was examined by Northern blot analysis. Naive rats and rats at 2, 6, and 24 hr after TBI (n ϭ 2/group) were anesthetized as described above and then perf used transcardially with ice-cold saline. Brains were removed, and cortical tissue including and adjacent to the contusion was isolated. Total RNA was extracted from each sample using an RNA isolation kit (Promega, Madison, W I). T wenty micrograms of RNA / lane were electrophoresed through a 1% agarose-2.2 M formaldehyde gel and transferred to nylon membranes (Hybond-N, Amersham, Arlington Heights, IL). The same oligodeoxynucleotide probe used for in situ hybridization was 3Ј end-labeled with 40 Ci of ␣-[
32 P]dATP (specific activity Ͼ 10 6 C i /mol) using TdT. Unincorporated nucleotides were separated by P-60-Sepharose columns. The labeled probe was denatured by heat and hybridized to the membranes at 42°C overnight. The washing procedure was performed under high stringency conditions in 2ϫ SSC / 0.1% SDS (three times for 45 min each) at 52°C. The membranes were then exposed to Kodak X-OM AT AR film (Eastman Kodak) using intensifier screens at Ϫ80°C for 24 hr. To control for variation in the amount of RNA in individual samples, the bcl-2 probe was stripped off the membranes in a solution containing 0.1ϫ SSC /0.5% SDS at 100°C for 15 min; the membranes were then rehybridized with an oligonucleotide probe corresponding to 18S RNA.
Western blot anal ysis. Rats were anesthetized as described above and then perf used transcardially with ice-cold saline. Brains were removed and dissected to remove the ipsilateral hippocampus, cortex including Figure 3 . bcl-2 in situ hybridization dipped-emulsion photomicrographs of the ipsilateral dentate -hilar area from a rat 6 hr after TBI (B, D) and a naive control rat (A, C). An increase in signal intensity is seen over cellular layers in these regions after TBI (arrows). Scale bar, 50 m. and adjacent to the contusion, and cortex distal to the contusion. Each sample was homogenized in lysis buffer containing 0.1 M NaC l, 0.01 M Tris, and 0.1 mM EDTA, and the protease inhibitors chymostatin 2 g /ml, leupeptin 2 g /ml, pepstatin 2 g /ml, and phenylmethylsulfonylfluoride 100 g /ml. Lysates were centrif uged at 14,000 rpm for 30 min at 4°C and boiled in loading buffer for 3 min. Fifty microgram protein samples were loaded on a 12% SDS-polyacrylamide gel, separated electrophoretically, and transferred to a Hybond-N membrane (Amersham) overnight. The transferred membrane was incubated in the primary antibody against bcl-2 (Dako, C arpinteria, CA) at a 1:200 dilution at room temperature for 1 hr. After it was washed three times in PBS containing 0.1% T ween 20, the secondary antibody was applied at a 1:5000 dilution for 1 hr. The blot was washed in PBS containing 0.1% T ween 20 three times over 25 min and then incubated in commercial enhanced chemiluminescence reagents (Western E xposure Chemiluminescence Detection System, C lontech Laboratories, Palo Alto, CA) and exposed to Fuji RX film (Fuji, Tokyo, Japan). Autoradiogram signals were quantified by a gel densitometric scanning program (MCI D). Densitometric values for bcl-2 were normalized to background values obtained on the same lane.
Immunoc ytochemistr y and T UNEL. Rats were anesthetized as described above and then perf used transcardially with 200 ml heparinized saline (8 U/ml) followed by 500 ml 2% paraformaldehyde. Brains were removed and f urther immersion-fixed in 2% paraformaldehyde for 30 min, rinsed three times in PBS, and then placed in 30% sucrose at 4°C before they were snap-frozen in 2-methylbutane in liquid nitrogen. Brains were cut into 5 m sections using a cryostat, mounted, and kept frozen until use. After removal from the cryostat chamber, slides were washed three times with PBS and then washed three times in PBS containing 0.5% bovine serum albumin and 0.15% glycine (buffer A). Nonspecific activity was blocked with 5% normal goat serum in buffer A. Brain sections were then incubated at room temperature for 1 hr in a 1:100 dilution of mouse monoclonal antibody against human bcl-2 (Dako). Sections were washed three times in buffer A and then incubated for 1 hr in a 1:3000 dilution of goat anti-mouse C y3.18 immunoconjugate (Jackson Immunochemicals, West Grove, PA). Sections were then washed six times (5 min / wash) in buffer A, mounted in gelvatol, and coverslipped for light microscopy. A Nikon F X A light microscope equipped for epifluorescent illumination and differential interference contrast was used for observation. Fluorescent images were collected using an integrating three-chip Sony color video camera (700 ϫ 600 pixels) equipped with a color frame grabber board. All images were collected while integrating at four frames per second.
For triple-label experiments, TUN EL was performed on additional sections using a modification of the technique reported by Gavrieli et al. (1992) . Sections were washed twice with PBS, incubated in cold methanol for 30 min, washed twice with PBS, and then incubated at 37°C for 1 hr in buffer containing TdT and fluorescein-conjugated 12-dUTP (Boeringer Mannheim, Indianapolis, I N). Sections were then processed for bcl-2 immunocytochemistry as described above. To assess nuclear morphology, bis-benzimide (Sigma, St. L ouis, MO; similar to Hoechst 33258) diluted in sterile water was applied to some sections for 30 sec before coverslipping. Sections were examined by fluorescence microscopy, and images were collected as described above using excitation / emission wavelengths of 550/565 (red), 494/520 (green), and 346/460 (blue) for bcl-2, TUN EL, and bis-benzimide, respectively. In sections from each specimen, the primary antibody was omitted to assess for nonspecific binding of the secondary antibody.
The bcl-2 antibody used for Western analysis and immunocytochemistry was generated against a bcl-2 peptide sequence of human origin (amino acids 41-54). Because we used this antibody to identif y bcl-2 in rat tissue, we performed additional control experiments. We obtained a synthetic peptide that corresponds to amino acids 41-53 of the rat bcl-2 protein (Biosynthesis, Lewisville, TX). This sequence (R AAP TPGI FS-FQP) has 77% homology to the corresponding human sequence, differing at positions 41, 45, and 51. The peptide (1, 5, and 10 g) was loaded on a 16.5% Tris-tricine gel, and Western analysis was performed using the bcl-2 antibody as described above. Preabsorption studies were also performed by adding 10 g of the synthetic peptide to the primary antibody solution before immunocytochemistry. Immunoreactivity in brain sections 24 hr after TBI with and without preabsorption of the primary antibody was compared.
To examine the time course of DNA fragmentation, additional TUN EL was performed on separate brain sections using a diaminobenzidine colorometric method for light-microscopic analysis as described previously (C lark et al., 1997) . Briefly, frozen 20 m coronal sections Figure 4 . Northern blot analysis of bcl-2 mRNA and 18S rRNA in ipsilateral cortex from naive control brain and brains 2, 6, and 24 hr after TBI (representative samples from n ϭ 2/group). Figure 5 . Western blot analysis of bcl-2 protein in ( A) cortex and hippocampus from naive control brains and brains 8, 24, 72, and 168 hr after TBI. bcl-2 immunoreactivity is increased in both cortex and hippocampus after TBI at the predicted molecular size (26 kDa). B, Hypoxemia alone (FiO 2 ϭ 0.11 ϫ 30 min) did not increase bcl-2 immunoreactivity at 24 hr compared with naive rats in cortex or hippocampus. Data are presented as mean Ϯ SEM and represent brain tissue samples from n ϭ 3-5 rats/group. There was a significant difference in bcl-2 protein levels in cortex at 8 and 72 hr ( p Ͻ 0.05; Kruskal-Wallis and Dunn's test). There was a trend toward an increase in bcl-2 protein levels in hippocampus ( p ϭ 0.07; Kruskal-Wallis test).
through the anterior hippocampus were cut using a cryostat and mounted on glass slides. Sections were post-fixed in 10% neutral buffered formalin for 10 min at room temperature followed by ethanol /acetic acid (2:1) for 5 min at Ϫ20°C. Sections were then incubated in 3% Triton X-100 (Sigma) at room temperature for 1 hr and then placed in 3% H 2 O 2 and 30% methanol in PBS for 20 min. Sections were then incubated in 300 U/ml TdT and 20 nmol /ml biotin-16-dUTP (Boeringer Mannheim) in 1 ml 1ϫ TdT buffer at 37°C for 90 min, washed with PBS three times, incubated in avidin -biotin complex (ABC standard kit, Vector Labs, Burlingame, CA), and TUN EL -visualized with diaminobenzidine (DAB substrate kit, Vector Labs). The number of TUN EL -positive cells/400ϫ field were counted in the dentate gyrus, the CA1 and CA3 regions of the hippocampus, and the peritrauma cortex (four representative 400ϫ fields were counted in cortex) for each section. After quantification of TUN EL -positive cells, coverslips were removed, and sections were counterstained lightly with cresyl violet and recoverslipped.
Statistical anal ysis. All data are presented as mean Ϯ SEM. Comparisons of bcl-2 mRNA expression, bcl-2 protein expression, and TUN ELpositive cells at different times after TBI versus controls were made using Kruskal -Wallis and Dunn's test (or Dunnett's test if all groups were of equal size). A p value Ͻ 0.05 was considered significant. Figure 1 shows representative autoradiographs after bcl-2 in situ hybridization. bcl-2 mRNA expression was increased after TBI compared with naive control brains. The increase in bcl-2 mRNA was detected primarily in the ipsilateral hemisphere. At 6 hr there were modest increases in relative bcl-2 mRNA levels in ipsilateral cortex (1.3-fold), dentate gyrus (twofold), and the CA3 hippocampal region (1.4-fold) compared with naive controls (Fig. 2) . At 24 hr, there were modest increases in relative bcl-2 mRNA levels in ipsilateral cortex (1.5-fold), dentate gyrus (1.4-fold), and the CA1 (1.5-fold) and CA3 (1.threefold) hippocampal regions compared with naive controls (Fig. 2) . By 72 hr the increase in bcl-2 mRNA was seen in the ipsilateral cortex (1.5-fold) but not the ipsilateral hippocampal regions, compared with naive controls. A statistical difference in relative bcl-2 mRNA levels was detected in the CA1 hippocampal region at 24 hr and in the dentate gyrus ( p Ͻ 0.05); however, the time when the difference occurred in the dentate gyrus could not be determined by multiple comparisons. bcl-2 mRNA was detected primarily in cellular layers of the dentate gyrus, hilus, CA1 and CA3 hippocampal regions, and cells in cortex (Fig. 3) . Many of the cells in which bcl-2 mRNA was detected seemed to be neurons. At 24 and 72 hr, neuronal loss was seen in the CA3 hippocampal region, cortex, and dentate gyrus. A relative increase in bcl-2 mRNA was also detected in the hippocampal white matter and the leptomeninges between the hippocampus and thalamus. Figure 4 shows a representative Northern blot using the bcl-2 antisense oligonucleotide. A single band of the 2.7 kb size corresponding to the bcl-2 transcript (Negrini et al., 1987) was detected in the ipsilateral cortex at 2, 6, and 24 after TBI.
RESULTS
bcl-2 mRNA Expression After TBI
bcl-2 protein expression after TBI
Western blot analysis showed that bcl-2 protein is increased in traumatized cortex and ipsilateral hippocampus after TBI compared with naive and hypoxemia-alone controls. Figure 5 shows protein bands at the predicted 26 kDa size for the bcl-2 gene product. In traumatized cortex, bcl-2 protein was increased 22.6-fold at 8 hr ( p Ͻ 0.05 vs control), 19.3-fold at 24 hr, 19.7-fold at 72 hr ( p Ͻ 0.05 vs control), and 15-fold at 168 hr compared with naive controls. In ipsilateral hippocampus bcl-2 protein was in- creased 2.5-fold at 8 hr, 5.9-fold at 24 hr, 5.3-fold at 72 hr, and 2.4-fold at 168 hr compared with naive controls ( p ϭ 0.07). bcl-2 protein expression was not increased in distal cortex of rats after TBI compared with naive controls (data not shown). Hypoxemia alone did not induce bcl-2 protein expression in cortex or hippocampus compared with naive controls (Fig. 5) .
bcl-2 protein was detected in many cells in the peritrauma cortex, ipsilateral dentate gyrus, ipsilateral CA3 hippocampus, and hilus at all time points assessed after TBI (Fig. 6 ). Many cells expressing bcl-2 had the morphological appearance of neurons. To determine the relative number of cells expressing bcl-2 within a region of interest, fluorescent images were overlayed on differential interference contrast images (Fig. 7) . Within each region both immunopositive and immunonegative neurons were seen. Approximately half of the neurons within CA3 hippocampus, dentate gyrus, and hilus expressed bcl-2, with the amount of expression varying between rats. Maximal bcl-2 protein expression in hippocampus and dentate gyrus as detected by immunocytochemistry appeared to occur at 24 and 72 hr, consistent with results of Western blot analysis. bcl-2 protein was also detected in glia and blood vessels and occasionally in neurons in CA1 hippocampus (data not shown). Immunofluorescence for bcl-2 protein was minimally detected in the superficial cortex of shamoperated rats and the contralateral hemispheres of rats after TBI. bcl-2 labeling was not detected in sections incubated without the primary antibody (Fig. 6 E,F ) . Preabsorption with the corresponding rat peptide sequence reduced, but did not completely block, the amount of immunoreactivity seen in brain sections 24 hr after TBI compared with nonpreabsorbed sections (Fig.  6G,H ) . Western blot analysis of the peptide corresponding to amino acids 41-53 of the rat bcl-2 protein showed that the bcl-2 antibody immunoreacted with the 1.4 kDa synthesized rat peptide (data not shown).
Time course and gross nuclear morphology of cells with evidence of DNA fragmentation after TBI
The time course of TUN EL -positive cells in the ipsilateral peritrauma cortex, dentate gyrus, and CA1 and CA3 regions of the hippocampus is shown in Figure 8 . The number of TUNELpositive cells was increased and was maximal at 24 hr in each region assessed ( p Ͻ 0.05 vs control). In the CA1 and CA3 regions of the hippocampus, the number of surviving neurons without evidence of DNA fragmentation was quantified. In naive rats there were 91.7 Ϯ 3.6 and 63.7 Ϯ 2.2 neurons/400ϫ field in CA1 and CA3, respectively. By 72 hr, there were 71.9 Ϯ 9.6 and 35.9 Ϯ 4.0 neurons/400ϫ field in CA1 ( p ϭ 0.12 vs control) and CA3 ( p Ͻ 0.05 vs control), respectively. Many TUNEL-positive cells were also seen in the ipsilateral hilus (at 6, 24, and 72 hr) and thalamus (at 24 and 72 hr). TUN EL -positive cells were not observed in the contralateral hemispheres at any time point.
TUN EL -positive cells displayed morphophological characteristics suggestive of either apoptosis or necrosis (Fig. 9) or both. In some TUN EL -positive cells a condensed, clumped, and pyknotic nuclear pattern was seen (suggestive of apoptosis), whereas in others a diff use pattern of TUN EL staining without shrinkage of the nuclei and with occasional extravasation of TUNEL labeling into the cytoplasm (suggestive of necrosis) was observed. In the dentate gyrus the pattern suggestive of apoptotic death was most commonly observed. In the CA3 and CA1 regions of the hippocampus and hilus, the pattern suggestive of necrotic death was seen most often. In the cortex and thalamus, both patterns were consistently observed. In many TUN EL -positive cells, a characteristic pattern of apoptosis versus necrosis could not be discriminated.
bcl-2 protein expression in neurons without evidence of DNA fragmentation and gross nuclear damage after TBI
Neurons expressing bcl-2 protein rarely demonstrated gross nuclear or biochemical evidence of apoptosis after TBI. Bisbenzimide (similar to Hoechst) staining of nuclear material demonstrated both a normal gross nuclear morphology and distribution of nuclear material in all bcl-2-positive neurons observed (Fig. 10) . In contrast, there were many bcl-2-negative cells in selectively vulnerable regions (CA3 hippocampus, dentate gyrus, and cortex) with condensed nuclear material and shrunken nuclei. With rare exception, neurons expressing bcl-2 protein were not concurrently TUNEL-positive. Less than 2% of all TUNEL-positive cells observed, displaying characteristics of either apoptosis or necrosis, also expressed bcl-2 (Fig. 10) .
DISCUSSION
The major findings of this study are that (1) the apoptosissuppressor gene bcl-2 and its translated protein are induced in surviving neurons in regions selectively vulnerable to apoptotic cell death after TBI, and (2) with rare exception, bcl-2 protein expression occurs in neurons without evidence of apoptosis (or overt necrosis), as determined by co-labeling with TUNEL and observation of gross nuclear morphology. Although a cause and effect relationship was not demonstrated, these data suggest that bcl-2 may play an important role in inhibiting (or delaying) apoptotic cell death after TBI, and they support a role for bcl-2 as an inducible neuroprotective gene.
bcl-2 protein is induced at 8 hr and maintained up to 7 d in surviving neurons in peritrauma cortex, CA3 hippocampus, dentate gyrus, and hilus after TBI (Figs. 6, 7, 10) . CA3 hippocampus, dentate gyrus, and hilus are some of the regions particularly vulnerable to neuronal death after TBI (Cortez et al., 1989; Figure 8 . Time course of TUN EL -positive cells after TBI. TUNELpositive cells/400ϫ field were counted in the peritrauma cortex, dentate gyrus, and CA1 and CA3 regions of the hippocampus (in the cortex, 4 representative 400ϫ fields were counted). Mean Ϯ SEM; n ϭ 4/group; *p Ͻ 0.05 versus control; Kruskal -Wallis and Dunnett's test. DG, Dentate gyrus; CA3, CA3 hippocampus; CA1, CA1 hippocampus. Lowenstein et al., 1992; Dietrich et al., 1994; C lark et al., 1997 ). In our model of TBI, roughly half of the neurons within these regions were bcl-2 immunoreactive. Importantly, this heterogeneous pattern and degree of bcl-2 expression mirrors the pattern of neuronal survival (ϳ50% of CA3 neurons by 1 week) seen in this model of TBI plus secondary insult (C lark et al., 1997) , suggesting that bcl-2 expression may prevent neuronal death in individual cells within these regions. Evidence in support of this hypothesis includes studies showing (1) that overexpression of bcl-2 produced by viral transfection reduces neuropathology after focal ischemia (Linnik et al., 1995; Lawrence et al., 1996) and (2) that transgenic mice overexpressing bcl-2 have reduced infarction size after focal cerebral ischemia compared with wild-type mice (Martinou et al., 1994) .
bcl-2 mRNA is induced within 6 hr after TBI in peritrauma cortex and hippocampus. Regionally, an increase in bcl-2 protein followed increases in bcl-2 mRNA expression in cortex, dentate gyrus, and CA3 hippocampus after TBI. In CA1 hippocampus, bcl-2 mRNA was also expressed but bcl-2 protein was not detected. After cerebral ischemia, bcl-2 mRNA is induced but not translated in CA1 neurons, which are selectively vulnerable and die (Krajewski et al., 1995; Chen et al., 1997) . After kainic acid injury, bcl-2 mRNA is induced but not translated in CA3 neurons, which are selectively vulnerable and die . Thus, after ischemia and epilepsy a role for the translational block of bcl-2 in selective vulnerability is supported. After TBI, the lack of bcl-2 protein translated in CA1 is consistent with the occurrence of a sublethal insult in this area, because neurons in CA1 are less vulnerable than neurons in CA3 in this model (Clark et al., 1997) . Thus, translational block of bcl-2 in this model of TBI does not herald cell death.
With rare exception, bcl-2-expressing neurons did not show evidence of apoptosis in the two methods of detection that were used. TUNEL is a marker of DNA fragmentation and damage that supports but does not confirm apoptotic cell death (Gavrieli et al., 1992; Charriaut-Marlangue and Ben-Ari, 1995) . The temporal pattern of TUNEL-positive cells in selectively vulnerable regions was similar to the temporal pattern of bcl-2 mRNA induction (Figs. 2, 8) . The early time course of TUNEL-positive cells was also similar to the initial increase in bcl-2 protein levels in both cortex and hippocampus; however, the number of TUNEL-positive cells decreased at 72 hr, whereas relative bcl-2 protein levels were not reduced (Figs. 5, 8) . Importantly, relative bcl-2 protein levels in hippocampus did not decrease at 72 hr despite a reduction in CA1 and CA3 hippocampal cell counts (decreased by 21.5% and 43.6% vs control, respectively). We also examined the gross nuclear morphology of neurons expressing bcl-2 using bis-benzimide dye. Bis-benzimide stains nuclear material and has been used to identify cells undergoing apoptosis (Chrest et al., 1993) . Because bcl-2 suppresses apoptotic neuronal death in many in vitro systems (Garcia et al., 1992; Allsopp et al., 1993; Batistatou et al., 1993; Kane et al., 1993; Zhong et al., 1993) and neurons expressing bcl-2 showed normal gross nuclear morphology and were not TUNEL-positive as found in this study, we speculate that bcl-2 protects neurons from endonuclease activation, DNA fragmentation, and nuclear damage. Alternative explanations include the following: (1) all viable neurons express bcl-2 in response to stress and bcl-2 is not directly protective, and (2) in dying neurons all protein synthesis is inhibited and/or proteins are denatured by proteases, making detection of bcl-2 or other proteins unlikely [although in a cardiac arrest model in rats, Krajewski et al. (1995) reported colocalization with TUNEL and Bax (a pro-apoptotic gene product) in dying neurons]. bcl-2 can also protect neurons from necrotic cell death (Kane et al., 1995) . Consistent with this possibility, neurons that were TUNELpositive with a predominantly necrotic morphology also did not express bcl-2 in our study (although we have not excluded the possibility that bcl-2 can be expressed in TUNEL-negative, necrotic neurons). Further study is needed to determine whether bcl-2 plays an active role in the prevention of apoptotic and/or necrotic neuronal death after TBI.
Cells with evidence of DNA fragmentation displayed mor- phophological characteristics suggestive of both apoptosis and necrosis after TBI (Fig. 9) . In some cells a condensed, pyknotic nucleus with clumping of nuclear material was seen (suggestive of apoptosis), whereas in others a diff use pattern of TUNEL staining without shrinkage of the nuclei and with occasional extravasation of TUN EL labeling into the cytoplasm (suggestive of necrosis) was observed. This is similar to our previous report using this model of TBI with secondary insult (C lark et al., 1997) . Using a fluid-percussion injury model without a controlled secondary insult, Rink et al. (1995) were the first to report TUNEL positivity in CA3, dentate, and cortical neurons with characteristics of both necrotic (including cytoplasmic TUN EL staining) and apoptotic death after TBI. Because of differences in the methods of quantitation, it is difficult to compare the degree of apoptosis and necrosis in our model compared with the fluid-percussion model, although it is clear that both apoptosis and necrosis occur in selectively vulnerable neurons in both models of TBI. Neuronal death by both apoptosis and necrosis after brain injury in vivo has also been comprehensively described in models of excitotoxicity (Portera-Cailliau et al., 1997a,b) and ischemia (Deshpande et al., 1992; Li et al., 1995; Nitatori et al., 1995) . The studies by Portera-Cailliau et al. (1997a,b) provide evidence for an "apoptosis-necrosis continuum" that depends on neuronal maturity and glutamate receptor subtype. Thus, it is possible that the 
